I-mIBG microPET/CT imaging data in a murine xenograft model of neuroblastoma transduced to express high levels of the human norepinephrine transporter (hNET). Procedures: In order to enhance mIBG uptake for in vivo imaging and therapy, NB 1691-luciferase (NB1691) human neuroblastoma cells were engineered to express high levels of hNET protein by lentiviral transduction (NB1691-hNET). Both NB1691 and NB1691-hNET cells were implanted subcutaneously and into renal capsules in athymic mice.
I-mIBG) targeted radionuclide therapy of neuroblastoma.
124 I (T 1/2 =4.2 days) has a comparable half-life to that of 131 I (T 1/2 =8.02 days) and can be imaged by positron emission tomography (PET) for accurate quantification of the radiotracer distribution. We estimated expected radiation dose in tumors from 131 I-mIBG therapy using 124 I-mIBG microPET/CT imaging data in a murine xenograft model of neuroblastoma transduced to express high levels of the human norepinephrine transporter (hNET). Procedures: In order to enhance mIBG uptake for in vivo imaging and therapy, NB 1691-luciferase (NB1691) human neuroblastoma cells were engineered to express high levels of hNET protein by lentiviral transduction (NB1691-hNET). Both NB1691 and NB1691-hNET cells were implanted subcutaneously and into renal capsules in athymic mice. 124 I-mIBG (4.2-6.5 MBq) was administered intravenously for microPET/CT imaging at 5 time points over 95 h (0.5, 3-5, 24, 48, and 93-95 h median time points). In vivo biodistribution data in normal organs, tumors, and whole-body were collected from reconstructed PET images corrected for photon attenuation using the CT-based attenuation map. Organ and tumor dosimetry were determined for 124 I-mIBG. Dose estimates for 131 I-mIBG were made, assuming the same in vivo biodistribution as 124 I-mIBG. Results: All NB1691-hNET tumors had significant uptake and retention of 124 I-mIBG, whereas unmodified NB1691 tumors did not demonstrate quantifiable mIBG uptake in vivo, despite in vitro uptake. 124 I-mIBG with microPET/CT provided an accurate three-dimensional tool for estimating the radiation dose that would be delivered with 131 I-mIBG therapy. For example, in our model system, we estimated that the administration of 131 I-mIBG in the range of 52. MBq would deliver 20 Gy to tumors.
Introduction
N euroblastoma is derived from embryonic sympathetic nervous tissue and is the most common extracranial pediatric solid cancer [1, 2] . Patients with advanced neuroblastoma have a very poor prognosis, particularly for those who become resistant to conventional treatment [3] .
M-iodobenzylguanidine (mIBG) is an aralkylguanidine norepinephrine analogue and has been labeled with radioiodines [4, 5] for imaging and therapy. [
123 I]m-iodobenzylguanidine ( 123 I-mIBG) has been used for planar and single photon emission computed tomography (SPECT) imaging to detect tumors of the sympathetic nervous system such as neuroblastoma and pheochromocytoma [6] . 2-deoxy-2-[
18 F] fluoro-D-glucose ( 18 F-FDG) positron emission tomography (PET), which provides better three-dimensional localization but is less tumor specific, has recently been reported to be a sensitive imaging agent for neuroblastoma and other pediatric solid tumors [7, 8] . Approximately 90% of neuroblastomas are mIBG-avid, so that labeled mIBG is now recommended as the most specific indicator for staging and response evaluation in neuroblastoma [6, 9, 10] . [ 131 I]miodobenzylguanidine ( 131 I-mIBG) emits beta particles locally and has also become part of standard retrieval therapy of neuroblastoma, with 30-40% response rate in relapsed disease [1, 11] .
In order to improve the efficacy of this targeted radionuclide therapy, investigators have tested increasing the dose with rapid sequence double infusion, and combining the radiotherapy with chemotherapy or radiosensitizers [12] [13] [14] . We recently showed that vorinostat, a histone deacetylase inhibitor with preclinical efficacy in neuroblastoma, may be synergistic with radiotherapy in a murine xenograft model, and also increases expression of the human norepinephrine transporter, thereby increasing mIBG uptake [15, 16] The lack of neuroblastoma xenograft models with in vivo uptake of mIBG has hindered further exploration of combination therapies, and also made correlation with tumor dosimetry in these models difficult. Most previously published studies using mIBG in murine models have utilized nonneuroblastoma tumor cell lines transduced with the human norepinephrine transporter (hNET), in order to facilitate uptake. In the past, murine models of neuroblastoma or human xenograft models have rarely been used to test 131 I-mIBG therapy due to poor mIBG uptake in vivo by many of the neuroblastoma cell lines despite hNET expression and good in vitro uptake. For this reason, other tumor types transduced with hNET have been used to examine mIBG uptake and therapy [17, 18] .
Although I-131 itself can be imaged with SPECT, I-131 imaging using conventional SPECT cameras has significant technical limitations [19] and is time consuming at the multiple time points required to estimate radiation dose. For targeted radionuclide therapy using I-131, accurate pretherapy dosimetry would allow tailoring of the tumor dose and minimizing normal organ toxicity. Previous studies in patients with tumor dosimetry of 131 ImIBG have shown wide variability using the conjugate planar method [20] . Other newer variations using SPECT have been proposed but not yet validated [21] . We showed previously that preclinical [
124 I]m-iodobenzylguanidine ( 124 I-mIBG) PET/CT (PET combined with computed tomography) in mice could produce organ radiation dose estimates of clinical 131 I-mIBG therapy, and 124 ImIBG PET imaging could be administered without significant internal radiation dose burden in pediatric patients with neuroblastoma [22] . However, in our previous work, we only showed how the 124 I-mIBG distributes to organs in animal models that did not have any tumor uptake. It is necessary now to estimate the radiation dose for normal organs when there is significant tumor uptake of mIBG, and also estimate the radiation dose to the neuroblastoma tumors. We used I-124, a positron-emitting radionuclide for mIBG imaging studies because 124 I-PET provides more accurate radionuclide quantification capabilities than 131 I-SPECT when an optimized energy window setting to capture 511 keV annihilation photons is applied so that the contamination of high energy gammas from I-124 decays is minimized [23] . In addition, I-124 has a comparable half-life (4.2 days) to that of I-131 (8.02 days) so that the pharmacokinetics of mIBG uptake and retention in living animals may be measured, permitting more accurate radiation dose estimation in tumors.
In this report, we use a murine xenograft model with a human neuroblastoma cell line that has been transduced with the hNET for better mIBG uptake, and show the utility of in vivo imaging validation of 124 I-mIBG tumor uptake and dosimetry in a preclinical model of neuroblastoma using PET-CT scans.
Materials and Methods

I-mIBG
All imaging experiments in this paper were performed using iodine-124 (purchased from IBA Molecular, Sterling, VA) labeled mIBG (precursors provided by Molecular Insight Pharmaceuticals, Cambridge, MA). The I-124 labeling was performed as previously published with some modifications [24] The polymer precursor (~0.5 mg) was swelled in 300 μl of ethanol for at least 15 min. To the reaction vial containing the swelled polymer was added sequentially 100 μl of 0.1 M KHPO 4 , 35-50 μl of (37-74) MBq of I-124 in 0.002 M NaOH, 450-465 μl of distilled water (the final volume of I-124 and water should add up to 500 μl), and 100 μl of the oxidation solution (1.68:1 30% H 2 O 2 /acetic acid). The reaction took place at room temperature and was vortexed occasionally. After 2 h the reaction was quenched with 200 μl of 0.1 M NaHSO 3 . The reaction mixture was passed through a syringe filter, and loaded on to a preconditioned C18 light SepPak. The SepPak was washed with water then eluted with ethanol fractions. The fractions with the highest amount of activity were combined and placed under N 2 flow to evaporate. Saline was added to give the final working solution. The final product was analyzed by RP-HPLC (Waters 600 Controller connected with NaI radiation detector and UV lab alliance model 525 detector) under the following conditions: 20/80 acetonitrile/0.01 M KH 2 PO 4 isocratic solvent at a flow of 1 ml/min on Phenomenex Luna 5 μ C18 column. The radiochemical purity was over 99% prior to administration of the labeled 124 I-mIBG into animals.
I-mIBG In Vitro Studies
The labeled 124 I-mIBG was evaluated in vitro using NB1691 neuroblastoma cells which had been previously modified to express the firefly luciferase protein (NB1691) [25, 26] . The complementary deoxyribonucleic acid for hNET was cloned by polymerase chain reaction into the pLenti6.3-V5 expression plasmid (Invitrogen, Carlsbad, CA). Virus was generated per manufacturers protocol, NB1691 cells were transduced and stable selectants were obtained by blasticidin selection (NB1691-hNET). The hNET in these cells is not regulated transcriptionally to avoid downregulation in tumor growth. The tumors overexpressing hNET also had a c-terminal epitope tag that was used to verify the hNET overexpression with a commonly available V5 antibody by western blotting (Invitrogen, Carlsbad, CA). In addition to NB1691, and NB1691 cells, nonneuronal NIH 3T3 and human embryonic kidney (HEK) 293T cells that do not express hNET were used as control for in vitro evaluation of 124 I-mIBG. Approximately 0.7 MBq of 124 I-mIBG in 30 μl of phosphate-buffered saline (PBS) was added to 5×10 5 cells in triplicates for each cell line. After incubating for 2 h at 37°C with 5% CO 2 , the cells were centrifuged and the media were removed and washed three times with a cold PBS. The cell-associated activity was measured by a gamma counter (1480 WIZARD 3", Perkin Elmer, Waltham, MA).
124 I-mIBG uptake was evaluated both before and after blocking with added imipramine (20 μg), a known NET blocking agent [27] .
Animal Models of Neuroblastoma
A total of six athymic mice (weighing approximately 25 g each) were implanted subcutaneously with 1×10 6 NB1691 cells on both shoulders. In each animal, the left shoulder was injected with unmodified NB1691 cells, while the right shoulder was injected with NB1691-hNET cells. In addition, four of these six mice were injected in the left renal capsules with 1×10 6 NB1691 cells that were unmodified (n=2) or were transduced to overexpress hNET (n=2). The growth of renal capsule implants were substantially slower than that of subcutaneous implants, so three additional athymic mice were implanted with 1×10 6 NB1691 cells overexpressing hNET in the renal capsule in the left kidney to better visualize uptake in an abdominal tumor.
Animal Imaging Protocol
Preclinical PET/CT imaging utilized standard operating procedures approved by the University of California, San Francisco Institutional Animal Care and Use Committee and Laboratory Animal Resource Center. The thyroid was blocked with 0.250 mg/100 μl of an aqueous solution of sodium iodide, to prevent excessive iodine-124 uptake, administered intravenously via tail vein 1 h prior to 124 I-mIBG injections.
The nine mice received 4.2-6.5 MBq of 124 I-mIBG solution in 100 μl volume intravenously using a custom mouse tail vein catheter with a 28-gauge needle and a 100-to 150-mm long polyethylene microtubing (0.28 mm I.D.×0.64 mm O.D., Scientific Commodities, Inc., Lake Havasu City, AZ). The mice were imaged on a dedicated small animal PET/CT scanner (Inveon, Siemens Healthcare, Malvern, PA). The energy window for iodine-124 PET was set at 250-650 keV for the optimal noise equivalent count rate performance at the given administered dose levels and the scanner characteristics [28] . All nine animals were imaged at five time points after the radiotracer administration (0.5, 3-5, 24, 48, and 93-95 h) for 60 min at each time point except at the 93-95 h time point. The PET data were acquired for 90 min at the last time point. The CT data were acquired for all five time points without removing the animals from the scanner after the PET data acquisition. The coregistration between PET and CT images was obtained using the rigid transformation matrix from the manufacturer-provided scanner calibration procedure since the geometry between PET and CT remained constant for each of PET/CT scans using the combined PET/CT scanner. Animals were anesthetized with gas isoflurane at 2% concentration mixed with medical grade oxygen. PET data were framed dynamically for the first two time points. The durations of the 0.5-h PET data were: 10×10, 5×40, 1×300, and 5×600 s. The 3-to 5-h PET data were also divided to two 1,800-s frames. The in vivo CT parameters were 120 projections of continuous rotations to cover 220°with an X-ray tube operated at 80 kVp, 0.5 mA, and 175 ms exposure time.
Manufacturer-provided ordered subsets expectation maximization algorithm was used for PET reconstruction that resulted in 128×128×159 matrices with a voxel size of 0.776×0.776× 0.796 mm 3 . The CT image was created using a conebeam Feldkamp reconstruction algorithm (COBRA) provided by Exxim Computing Corporation (Pleasanton, CA). The matrix size of the reconstructed CT images was 512×512×662 with an isotropic voxel size of 0.191×0.191×0.191 mm 3 . The photon attenuation correction was performed for PET reconstruction using the coregistered CT-based attenuation map to ensure the quantitative accuracy of the reconstructed PET data.
Tumor Uptake and Dosimetry
Tumor and normal organ in vivo biodistribution studies were performed using the reconstructed PET/CT image data. The normal organ and tumor radiation dosimetry was performed for all nine animals as follows. First, the AMIDE software package [29] was used to draw volumes of interest (VOIs) on the coregistered CT images for each tumor and organs, and VOIs were transferred to PET images. For all five time points, the same manual VOI drawing procedure was repeated using the CT images that were coregistered by applying the precalibrated rigid transformation matrix between the fixed positions of PET and CT. Once transferred apparent partial volume spill-outs were adjusted manually. For the tumors subcutaneously implanted on the shoulders of mice, the partial volume errors were minimal because there is no neighboring organ having any significant mIBG uptake.
Second, the radiation dose estimates in organs and tumors were performed using OLINDA|EXM 1.1 (Vanderbilt University, Nashville, TN) [30] . As input data required for the OLINDA|EXM software, the residence times were derived from the PET/CT images, and extrapolated to the residence times in organs of a 73.7-kg human adult subject following the method shown in Waxler SH and Enger M [31] . For the renal capsule tumor-bearing mice, doubles of the values in the nontumor-bearing kidney were used to account for both kidneys. The tumor radiation dose estimates were performed using a sphere tumor model. The excised tumors from all nine animals were round and mostly elliptical, and the assumption of the spherical volume for tumor dosimetry was not far from the actual geometrical shape. The radiation dose was first calculated for 124 I-mIBG, and the radiation dose expected from 131 I-mIBG was calculated assuming the same biodistribution between the two chemically identical radiotracers. Since the OLINDA|EXM 1.1 software only provides the dose estimates (mGy/MBq) discretely for the representative sphere mass in the linear range from 0.01 to 6000 g, for the specific weight of each tumor, the interpolated value for the dose estimate was obtained using the linear squares fit to logarithmic values of the sphere mass and the radiation dose estimate.
In addition, for visual representation of the tumor uptake of 124 I-mIBG, we took the 93-to 95-h time point PET/CT images for all nine animals we studied. At this time point, most of mIBG uptake in other organs and tissues were cleared from the animals, and the mIBG bound to hNET-overexpressing tumors was most visible. Instead of a two-dimensional representation of mIBG uptake such as cross-sectional views, a full three-dimensional volume rendering of both PET and CT overlaid was created using Amira (Visage Imaging, San Diego, CA).
Results
I-mIBG In Vitro Evaluation
The uptake of 124 I-mIBG in control and neuroblastoma cell lines was measured in vitro (Fig. 1a) . Non-neural NIH 3T3 and HEK 293T cells, which do not express NET, were used as negative controls. In NB1691 cells, uptake correlated with exogenous expression of hNET as measured by western blot (Fig. 1b) . We have shown previously that unmodified NB1691 cells express basal levels of hNET and take up mIBG in vitro [16] . The endogenous hNET is not evident in the western blot, which is only showing exogenously expressed, V5 tagged hNET. Overexpression of hNET clearly shows significant increase in mIBG uptake over Fig. 1 .
124 I-mIBG in vitro studies of cell association (binding or uptake) using unmodified NB1691, hNET-overexpressing NB1691 (NB1691-hNET), NIH 3T3, and HEK 293T cell lines as well as their corresponding cells blocked by imipramine, showing that 124 I-mIBG uptake is significantly higher in NB1691-hNET cells than in unmodified NB1691, NIH 3T3, and HEK 293T cells or in cells with blocked uptake. Western blot data (right) also show the enhanced hNET expression in the transduced NB1691 cells. The endogenous hNET is not evident in the western blot, which is only showing exogenously expressed, V5 tagged hNET. On the western blot data, amplification of glyceraldehyde 3-phosphate dehydrogenase is used as a loading control and normalization.
unmodified NB1691 cells (Fig. 1a) . Uptake was blocked by pretreatment with imipramine, which specifically blocks norepinephrine transporters, further indicating specificity. Collectively, these data show that hNET overexpression significantly and specifically increases the in vitro uptake of 124 I-mIBG.
I-mIBG Uptake in NB1691 Tumors in Animal Models
In order to establish an in vivo model for mIBG dosimetry and therapy, we established xenograft tumors with both NB1691 and NB1691-hNET. Figures 2 and 3 illustrate three-dimensional volumetric renderings of PET overlaid onto CT images with the whole mouse view, showing significant 124 I-mIBG uptake in the hNET-transduced cells implanted in both subcutaneous xenografts and renal capsule implants. There was no detectable mIBG uptake in subcutaneous xenografts of unmodified NB1691 tumors (Fig. 2, left shoulder) and minimal or no uptake in renal capsule implants with unmodified cells (Fig. 2 , animals #3 and #4). Tumor growth in renal capsule xenografts was significantly slower than with subcutaneous tumors (Fig. 2) , making simultaneous visualization of both large subcutaneous and large renal capsule tumors difficult. However, when large NB1691-hNET renal capsule tumors were established alone, clear abdominal tumor uptake of mIBG was visualized (Fig. 3) . At the 93-to 95-h time point, most of 124 I-mIBG uptake in other organs and tissues was cleared from animals. The lack of in vivo uptake in the unmodified NB1691 is in contrast to the in vitro cell studies which exhibit some uptake in unmodified NB1691 cells (Fig. 1) ; however, it is clear in these studies that overexpression of hNET is a requirement for the enhanced uptake of mIBG in our murine xenograft model.
Radiation Dose Estimates in Tumors
Radiation dose to organs and tumors was estimated by importing the temporal distribution data (Fig. 4) into 124 I-mIBG whole-body distribution is also illustrated in Fig. 5 using representative PET/CT three-dimensional volume renderings over 95 h obtained from one animal that has a NB1691-hNET tumor. Since the OLINDA|EXM only utilizes the human models for radiation dose estimation, the results of normal organ dosimetry extrapolated to those in adult human subjects using the residence times derived from the PET/CT images in these tumor-bearing mice were shown in Table 1 . Whole-body effective doses using the International Commission on Radiological Protection 60 tissue weighting factors are relatively smaller for the renal capsule tumor-bearing mice (0.238± 0.061 mSv/MBq) than those for subcutaneous tumor-bearing mice (0.351±0.027 mSv/MBq). In order to calculate the necessary activity to administer for the therapeutic amount of Hence, using this animal model that was implanted with NB1691-hNET tumors in either shoulders or renal capsules, it will be also feasible to perform 131 I-mIBG therapy studies given the range of 131 I-mIBG administration. Table 2 lists the details of the tumor dosimetry results including the tumor mass measurements from the nine animals studied.
Discussion
We have shown in this study that a human neuroblastoma cell line transduced with hNET to overexpress the norepinephrine transporter provides a reliable in vivo model for mIBG imaging and therapy. This cell line may be used as an intravenous metastatic model [16] , subcutaneous or renal I-mIBG administration. Temporal changes of mIBG uptake in whole-body are shown in the animal that has NB1691-hNET renal capsule tumor (#8 in Fig. 3) . capsule model. We have shown the feasibility of organ and tumor dosimetry using the novel 124 I-mIBG microPET/CT imaging for both subcutaneous and renal capsule locations. These two different anatomic xenograft models confirm the importance of hNET overexpression for strong in vivo mIBG uptake and, more importantly, allow the establishment of an in vivo model system with strong mIBG uptake necessary for radiation dosimetry and therapeutic preclinical trials.
Two major questions must be answered to prove that our experimental approach using 124 I-mIBG in animal models of neuroblastoma will be useful in the clinical translation to improve the 131 I-mIBG therapy regimen. The first is whether the animal data will be faithfully reproduced in the human body. We have recently submitted an Investigational New Drug application to the US Food and Drug Administration to initiate a clinical trial of 124 I-mIBG pretherapy imaging for the patients who will undergo 131 I-mIBG therapy. Hence, our method will be tested in the situation where the human data will be available for dosimetry and response. In comparison to 131 I-mIBG SPECT-based organ, whole body, and tumor dosimetry as reported previously by Buckley et al. [21] , 124 I-mIBG PET-based pretherapy dosimetry as we are proposing can be done with much lower radiation dose that that of the 131 I-mIBG therapy dose. And,
124
I-mIBG PET-based dosimetry will likely provide more quantitatively accurate results because of the inherent statistical improvement of photon statistics from PET over that from SPECT.
The second question is whether there is the equivalence of biodistributions between 124 I-mIBG and 131 I-mIBG uptakes in vivo. How accurately do the biodistribution data of 124 I-mIBG tumor uptake reflect the uptake of 131 I-mIBG within tumors? We have indirect evidence that these two chemically identical radiotracers do correspond to each other as published in our previous work [22] . The direct evidence could be obtained using both 131 I-mIBG and 124 I-mIBG in the same animal models so that the one-to-one correlation can be verified. However, 131 I imaging, the accuracy of in vivo biodistribution data over time might not be as good as that of 124 I because the quantitative accuracy of 131 I-mIBG imaging using SPECT is generally poorer than that of 124 ImIBG imaging using PET. In addition, 131 I-mIBG therapy will utilize a relatively low specific activity of radioactive mIBG with presence of the cold carrier molecule, iobenguane, a biogenic amine. The selective active uptake of iobenguane by the NET expressed on the neuroendocrine cell surfaces is a competitive process. Hence, the presence of "cold" carrier iobenguane molecules could diminish the uptake in the target organs including tumors. To address this issue, it is necessary to study two cohorts of subjects, using either the carrier-added or the no-carrier-added 124 I-mIBG, and compare the in vivo biodistribution from the two datasets to evaluate the effect on normal organ and tumor dosimetry [32] . Moreover, the ultimate evaluation will require careful response assessment of measurable soft tissue lesions in patients who receive pretherapy 124 I-mIBG dosimetry and 131 I-mIBG therapy so that we can obtain the The calculations show radiation doses extrapolated to those in adult human subjects using 124 I-mIBG data obtained from nine tumor-bearing mice. Values are expressed as mean±standard error of the mean Table 2 . Tumor dosimetry results for the nine tumors with significant 124 I-mIBG uptake shown in Fig. 2 (SubQ #1-6) and Fig. 3 I-mIBG to deliver therapeutic 20 Gy radiation to the tumor are listed information on how tumors respond to the therapy predicted by the pretherapy dosimetry. However, the tumor response will also depend on factors not related to the radiation dose, such as variations in radiation sensitivity and heterogeneity of the tumor and stromal tissue.
